Crying is the principal means by which newborn infants shape parental behavior to meet their needs. While this mechanism can be highly effective, infant crying can also be an aversive stimulus that leads to parental frustration and even abuse. Fathers have recently become more involved in direct caregiving activities in modern, developed nations, and fathers are more likely than mothers to physically abuse infants. In this study, we attempt to explain variation in the neural response to infant crying among human fathers, with the hope of identifying factors that are associated with a more or less sensitive response. We imaged brain function in 39 first-time fathers of newborn infants as they listened to both their own and a standardized unknown infant cry stimulus, as well as auditory control stimuli, and evaluated whether these neural responses were correlated with measured characteristics of fathers and infants that were hypothesized to modulate these responses. Fathers also provided subjective ratings of each cry stimulus on multiple dimensions. Fathers showed widespread activation to both own and unknown infant cries in neural systems involved in empathy and approach motivation. There was no significant difference in the neural response to the own vs. unknown infant cry, and many fathers were unable to distinguish between the two cries. Comparison of these results with previous studies in mothers revealed a high degree of similarity between first-time fathers and first-time mothers in the pattern of neural activation to newborn infant cries. Further comparisons suggested that younger infant age was associated with stronger paternal neural responses, perhaps due to hormonal or novelty effects. In our sample, older fathers found infant cries less aversive and had an attenuated response to infant crying in both the dorsal anterior cingulate cortex (dACC) and the anterior insula, suggesting that compared with younger fathers, older fathers may be better able to avoid the distress associated with empathic over-arousal in response to infant cries. A principal components analysis revealed that fathers with more negative emotional reactions to the unknown infant cry showed decreased activation in the thalamus and caudate nucleus, regions expected to promote positive parental behaviors, as well as increased activation in the hypothalamus and dorsal ACC, again suggesting that empathic over-arousal might result in negative emotional reactions to infant crying. In sum, our findings suggest that infant age, paternal age and paternal emotional reactions to infant crying all modulate the neural response of fathers to infant crying. By identifying neural correlates of variation in paternal subjective reactions to infant crying, these findings help lay the groundwork for evaluating the effectiveness of interventions designed to increase paternal sensitivity and compassion.
Introduction
Crying is the principal means by which newborn infants shape parental behavior to meet their needs. While this mechanism can be highly effective, crying, particularly when prolonged and inconsolable, can also be an aversive stimulus that leads to parental frustration and even abuse (Barr 2012) . On the other hand, sensitive responding to infant distress predicts secure infant attachment, which in turn predicts positive social and emotional development (DeWolff and van Ijzendoorn 1997; Fearon and Rosiman 2017) . Thus, a significant challenge that parents face is to respond to this potentially aversive stimulus with sensitivity and compassion rather than frustration.
In this paper, we investigate paternal brain responses to infant crying. We focus specifically on fathers for three reasons. First, fathers have recently become more involved in direct caregiving activities in the U.S. and other modern, developed nations (Cabrera et al. 2000; Yeung et al. 2001) . Second, research on fathers lags behind research on mothers even though paternal involvement is known to be associated with multiple positive developmental outcomes (Rosenbaum and Gettler This Issue; Sarkadi et al. 2008) . Third, fathers are more likely than mothers to physically abuse infants and infant crying is a known trigger for infant abuse (Barr 2012) . Thus, it may be more challenging for fathers to respond sensitively to infant crying. Indeed, fathers report finding infant crying more aversive than mothers do (Zeifman 2003) . While earlier studies focused on the average neural response to infant crying among parents (Lorberbaum et al. 1999; Lorberbaum et al. 2002) , in this study we attempt to explain variation in the neural response to infant crying among fathers with the hope of identifying factors that are associated with a more sensitive and compassionate response.
The neurobiology of parental behavior is understood in great detail in rats. Numan (2007) argues that adult rats have separate systems motivating approach and avoidance of offspring, and that parental behavior emerges when the former exceeds the latter. The medial preoptic area (MPOA) is a critical node that both activates the mesolimbic dopamine (approach) system and inhibits an avoidance circuit that runs from the medial amygdala to the periaqueductal gray of the midbrain (PAG). In both male and nulliparous female rats, several days of habituation to pups are required to suppress the avoidance system to the point where parental behavior is exhibited. However, pregnancy-related hormones like prolactin and estrogen augment MPOA function so that maternal behavior emerges at parturition. Oxytocin (OT) also facilitates parental behavior through actions at MPOA (Pedersen et al. 1994 ), but also acts at each node of the mesolimbic DA system (VTA and NA) to facilitate DA release in NA (Numan and Stolzenberg 2009) . Is Numan's model of maternal care relevant to paternal care? Studies in California mice support this possibility since MPOA lesions inhibit paternal behavior, and pup exposure increases Fos-like immunoreactivity in the MPOA in new fathers (de Jong et al. 2009 ). Furthermore, optogenetic stimulation of MPOA galanin neurons facilitates paternal behavior in mice (Wu et al. 2014) .
For human mothers, the basic pattern of brain activity in response to infant crying was fi rst described by Lorberbaum and colleagues (Lorberbaum et al. 1999; Lorberbaum et al. 2002) . In this initial study, mothers listened to cries of unknown infants. Relative to a white noise control, unknown infant cries activated circuits implicated in maternal care in non-human animals. In particular, activations were observed within components of the midbrain dopamine systems, such as the substantia nigra (SN) and ventral tegmental area (VTA), that rat studies implicate in approach-related motivation towards offspring (Numan 2007 ). However, activation was not found in other critical nodes of this system, such as the MPOA and regions of the ventral striatum most consistently implicated in reward and motivation (e.g., NAc). Lorberbaum et al also observed activation in both anterior and posterior cingulate cortex, as well as the midline thalamic nuclei, consistent with recruitment of the thalamocingulate system as outlined by MacLean (MacLean 1990) . In addition to these, prominent activations were observed in the right fronto-insular cortex as well as the dorsomedial prefrontal cortex (DMPFC), regions involved with emotional and cognitive empathy, respectively (Singer and Lamm 2009) . Thus, engagement of these two systems may facilitate maternal understanding of the mental and emotional state of a crying infant. Finally, right lateralized activation in auditory cortices extending to the temporal pole was also observed. In summary, this initial study revealed engagement of the following five systems in response to unknown infant cries: 1) midbrain dopaminergic (approach motivation), 2) thalamocingulate, 3) fronto-insular (emotional empathy), 4) DMPFC (perspective-taking and theory of mind), and 5) right lateralized auditory cortex extending to the temporal pole.
A few studies have extended this approach to investigate how these neural responses might relate to real-world parenting. For example, Laurent et al (2011) related the neural response of mothers to their infant cries to their physiological stress reactivity in the Strange Situation, in which mothers were separated from their infants with the ability to see and hear their distress on a remote video monitor. Mothers who more strongly activated the lateral orbitofrontal cortex (OFC) in response to their infant's crying exhibited less reactive hypothalamo-pituitary-adrenal (HPA) axis responses to the Strange Situation. The authors suggest that mothers who maintain prefrontal control of HPA reactivity will not be overcome by stress and will make better parenting decisions. In another study focusing specifically on high-risk mothers, stronger anterior insula responses to own-infant cries were related to more intrusive parenting (Musser et al. 2012) . Given the anterior insula's role in emotional empathy (Lockwood, 2016; Singer and Lamm, 2009 ), this finding might reflect empathic over-arousal in the mothers. Although empathy is essential for parental care, empathic overarousal can lead to distress that interferes with compassionate behavior and effective parenting. The anterior insula is a visceral somatosensory cortex that is known to track autonomic arousal (Critchley et al. 2000; Critchley et al. 2004 ). Child-abusing parents have a more pronounced sympathetic nervous system response to infant crying compared with nonabusive parents (Frodi and Lamb 1980; Joosen et al. 2013) , and might therefore be expected to have a stronger anterior insula response to infant crying. Fathers also show robust anterior insula activation in response to infant cries, and fathers with moderate anterior insula activation are the most involved in instrumental caregiving. Fathers with low and high insula activation may be less involved due to empathic under-and overarousal to cries (Mascaro et al. 2014) .
The paternal neural response to infant crying is likely to be modulated by characteristics of the father. For example, paternal experience might be an important modulator if fathers with more accumulated exposure to infant crying learn to more effectively regulate their negative emotional reaction to it. Second, similar to post-partum depression in mothers (Campbell et al. 1992; Forman et al. 2007; Reissland et al. 2003) , depression in fathers is expected to decrease sensitivity to infant cues. Indeed, depressed fathers exhibit decreased positive and increased negative parenting behaviors (Wilson and Durbin 2010) . Sleep quality is another potentially important variable. Parents of newborn infants sometimes struggle with sleep deprivation, which is known to impair emotion regulation abilities (Beattie et al. 2015) . Personality is also expected to play a role, as parents who score high on neuroticism find infant cries more aversive than do their peers with lower scores on neuroticism (Zeifman 2003) . Infanticide and Abusive Head trauma (AHT; also known as Shaken Baby Syndrome (SBS)) (Christian et al. 2009 ), which is most often triggered by infant crying, are associated with younger parental age, lower SES, the presence of recent stressful life events and a childhood history of parental abuse (Barr 2012) . These variables might therefore also modulate the neural response to infant crying. Finally, hormone levels could also have an impact, since men with higher testosterone levels report less sympathy for infant crying (Fleming et al. 2002) , and both testosterone and oxytocin administration have been shown to modulate the neural response to infant crying in women (Bos et al. 2010; Riem et al. 2011) .
We hypothesized that greater depressive symptomology, lower quality sleep, higher levels of neuroticism, younger paternal age, lower SES, more recent stressful life events, a childhood history of parental abuse, and higher levels of testosterone would be associated with more negative and less positive emotional responses to infant cry stimuli, and accompanying weaker activation in components of the midbrain dopamine (VTA, SN, striatum) and thalamocingulate systems that are associated with positive parenting behaviors, along with stronger activation in the anterior insula that tracks sympathetic hyperarousal associated with child abuse.
In addition to characteristics of the father, characteristics of the infant are also likely to influence paternal neural responses to infant crying. Fathers with particularly fussy infants who cry often and do not sleep well may find their infant's cry more aversive. Particular characteristics of the cry itself are also known to influence perceived aversiveness. For example, cries with higher fundamental frequencies are perceived as more aversive (Bisping et al. 1990; Gustafson and Green 1989) . Other cry characteristics, such as roughness, a quality that contributes to the aversiveness of human screams and artificial alarm signals, might also play a role (Arnal et al. 2015) . Roughness refers to amplitude modulations ranging from 30 to 150 Hz that typically induce unpleasant auditory percepts. The sex of the crying infant might also be an important factor. Male infants suffer higher rates of abuse than do female infants (Barr 2012) , raising the possibility that some acoustic property of male cries is more aversive (although other explanations are possible). The peak incidence of Shaken Baby Syndrome closely coincides with a postnatal peak in infant male testosterone levels (Barr et al. 2006; Kuiri-Hanninen et al. 2014) . Although speculative, it is possible that testosterone influences the acoustic properties of infant cries, rendering them more aversive.
We hypothesized that fathers of infants who were male, had higher testosterone levels, had difficult temperaments, and had cries high in roughness would have more negative and less positive emotional responses to those cries and accompanying weaker activation in components of the midbrain dopamine (VTA, SN, striatum) and thalamocingulate systems, along with stronger activation in the anterior insula.
The goal of this paper was to evaluate the relationship between these paternal and infant characteristics and paternal neural responses to infant crying. Furthermore, we sought to relate paternal emotional responses to the cries with neural responses. To do so, we imaged brain function in 39 first-time fathers of newborn infants as they listened to infant cry stimuli, as well as auditory control stimuli, and we evaluated whether these neural responses were correlated with measured characteristics of fathers and infants as well as paternal subjective cry ratings.
Given our focus on paternal responses to crying, we were most interested in how fathers responded to their own infant's cries. However, each infant's cry will necessarily differ from the others, and these idiosyncrasies will affect paternal neural responses. This will introduce noise when attempting to detect correlations between paternal characteristics and neural responses. Therefore, we also included a standardized unknown infant cry that is the same for all fathers. Despite being less directly relevant to the father, the unknown infant cry may reveal correlations that are not detectable with the own infant cries.
Methods

Subjects
Forty-two first-time, biological fathers of newborn infants (<4 months of age; mean=67.5 days, sd=23.0 days, n=41, 1 missing data) were recruited by posting flyers around the Emory University campus, at local parks and businesses and at daycare centers. Participants were required to be currently cohabitating with their infant and their romantic partner. Enrollment in the study required participation by the father and his infant. All enrolled fathers had female partners. The study was approved by the Emory Institutional Review Board, and all participants gave written informed consent (a parent signed on behalf of the infant). Fathers were screened and excluded for self-reported history of head trauma, seizures, or other neurological disorders, psychiatric illness, alcoholism, or any other substance abuse, serious medical illness, claustrophobia, and for ferrous metal in any part of the body. One recruited father did not meet inclusion criteria and two more had excessive motion during the MRI scan, leaving us with a final sample size for analysis of n=39. Fathers were between the age of 23 and 40 years (mean = 30.8, sd = 4.3). 36 out of 39 fathers were married to their partner. The average amount of time married fathers had been married was 3.8 years (sd = 2.3). For the 3 fathers who were not married to their partner, the average amount of time they had lived with their partner was 1.9 years (sd = 1.2). The racial/ ethnic breakdown of the sample was as follows: 22 Caucasian, 10 Asian, 3 African American, 3 Hispanic, and 1 Other. 26 fathers had infant boys and 13 had infant girls.
2 Study Design
The study involved one home visit and one scanning visit per participant. During the home visit, study staff recorded the infant crying using an Olympus digital voice recorder (model WS-802) at a distance of 2-3 feet. In most cases, study staff were able to record the infant cry, however in two cases the infant did not cry during the visit and the parents were asked to record the cry themselves at a later time. They were instructed to hold the recorder at arm's length when recording the cry. A saliva sample was also collected from the infant (using a cotton swab) for subsequent measurement of infant testosterone levels. Samples were placed on dry ice and transferred to a −80 degree Celsius freezer within 3 hours of the visit. A series of questionnaires (described below) were left for the father to complete prior to the subsequent scanning visit. Fathers were instructed on how to complete the forms and asked to bring the completed forms to the subsequent scanning visit.
For the scanning visit, fathers first provided a blood sample for subsequent measurement of plasma testosterone levels. Fathers were then imaged with fMRI as they listened to their own and a standardized unknown infant cry, as well as auditory control stimuli. Afterwards, they were removed from the scanner and asked to rate their own and the unknown infant cry on several dimensions (see below). Study staff then administered either the Period of PURPLE Crying DVD, a 10-minute educational program for new parents (Barr) or a control intervention to participants after which participants were scanned a second time while listening to the same stimuli. Twenty-three of the 39 subjects then returned for a third session 2-3 months later in which they were again scanned with fMRI as they listened to the same stimuli. In this paper, we focus exclusively on the pre-intervention scans collected during the first scanning session.
Questionnaires
Fathers completed the following questionnaires prior to the scanning visit. A demographic questionnaire acquired information about the father's age, socioeconomic status, and the infant's age and sex [4 minutes]. The 19-item Pittsburgh Sleep Quality Index was used to assess the father's sleep quality and quantity (Buysse et al. 1989) [4 minutes]. The 8-item Brief Infant Sleep Questionnaire (Sadeh 2004 ) was used to assess infant sleep patterns [4 minutes]. The 24-item Infant Characteristics Questionnaire (Bates et al. 1979 ) was used to assesses aspects of infant temperament such as crying, fussiness, and soothability [6 minutes]. Total score on this scale measures infant difficultness. The 21-item Beck Depression Inventory was used to assess depressive symptoms in fathers (Beck et al. 1961) [5 minutes]. The 28-item Childhood Trauma Questionnaire (CTQ-SF) was used to assess maltreatment history of fathers (Bernstein et al. 2003) [8 minutes]. The 12-item List of Threatening Experiences (LTE-Q) measures stressful life events (Brugha and Cragg 1990) [4 minutes]. This scale was used to measure the number of stressful life events in the past year. The 60 item NEO-FFI was used to measure neuroticism in fathers (Costa and McCrae 1992; McCrae et al. 1996) [12 minutes]. The 36-item Parenting Stress Index -Short Form (PSI-SF) (Abidin and Brunner 1995; Haskett et al. 2006 ) was used to measure the degree to which fathers agree with statements related to stress related to childcare and perceptions of their child's self-regulatory abilities [8 minutes].
Task
The cry task included both the father's own infant cry (OC) and a cry stimulus from a standardized unknown infant (UC). The standardized unknown infant cry stimulus (UC) was recorded previously from a 3 month old boy in his home. Cry stimuli were edited to 10 s clips using online available software (www.audacity.com). Control stimuli included pure tones that preserved the mean fundamental frequency and amplitude envelop of the cry (Con), as well as frog (F) and bird (B) calls to minimize habituation to cry sounds. Participants listened to the audio stimuli through Pro Ears Ultra 28 MRI-compatible headphones and were told prior to the task: "You will now hear a series of sounds. You do not have to do anything except listen to them". The six different sound files (OC, UC, OCon, UCon, F and B) were presented in pseudorandom order two times per block over four blocks such that each sound is presented eight times. There was an inter-trial interval of 6 s between each stimulus. Each of the four blocks lasted 192 s and the total duration of the task was 12 min 48 s.
Immediately following the task, after exiting the scanner, fathers again listened to the own and unknown infant cry stimuli and rated on a 7 point Likert scale how grating, urgent, piercing, aversive, compelling, manipulative, and spoiled they found the cries (1 = not at all, 7 = extremely); they also rated how irritated, sympathetic, alarmed, angry, upset, compassionate, distressed, annoyed, and tender the cries made them feel (1 = not at all, 7 = extremely). Li et al. Page 7 Physiol Behav. Author manuscript; available in PMC 2019 September 01.
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After completing the ratings following the post-intervention scan, fathers again listened to both their own infant cry and the unknown infant cry without being told the identity of either. To assess fathers' ability to identify their own infant cry, they were asked, "Is this your baby's cry?" after each cry was played.
To evaluate whether differences in subjective ratings between own and unknown infant cries were truly a function of whether the infant belonged to the father or not, rather than some unique properties of the particular unknown cry we selected, we also recruited a separate group of n=40 adult (over 21 years of age, mean age = 26.4 years, sd=7.86) non-fathers and asked them to rate one of the "own" cries from the fathers and the unknown cry for aversiveness.
Neuroimaging acquisition
A T1-weighted structural image and blood-oxygenation-level-dependent (BOLD) functional MRI images were collected for each subject using a 3 Tesla Siemens Trio MRI scanner (Siemens Medical System, Malvern, PA, USA).
High-resolution T1-weighted images were acquired using a 3D magnetization-prepared rapid gradient-echo (MPRAGE) sequence with a GRAPPA factor of 2. The T1 scan protocol, optimized for 3 Tesla, used the following imaging parameters: a repetition time/ inversion time/echo time (TR/TI/TE) of 2600/900/3.02 ms, a flip angle of 8°, a volume of view of 256×256×176 mm 3 , a matrix of 256×256×176, and isotropic spatial resolution of 1.0×1.0×1.0 mm 3 , one average. Total T1 scan time was approximately 5 minutes.
T2*-weighted images were collected using an Echo-Planar Imaging (EPI) sequence for BOLD fMRI. EPI images were collected in an interleaved fashion with the following imaging parameters: TR=2380 ms, TE=30 ms, matrix=64 X64, FOV=192mm, slice thickness=3.0 mm, and 38 axial slices. Subjects listened to infant cry and control stimuli during scanning.
Image analysis
The analysis was conducted with the Oxford Center for Functional Magnetic Resonance Imaging of the Brain's software library (FSL, http://www.fmrib.ox.ac.uk/fsl/). The preprocessing pipeline of the fMRI data involved (1) motion correction using the MCFLIRT (Jenkinson et al. 2002) , (2) non-brain tissue removal using the Brain Extraction Tool (BET) (Smith 2002) , (3) slice timing correction, (4) high-pass temporal filtering with a cut-off of 200 s, (5) spatially smoothing with a Gaussian kernel of full-width at half maximum (FWHM) of 5 mm, and (6) normalizing to MNI space via corresponding extracted T1 brain using Boundary-Based-Registration (Greve and Fischl 2009 
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Author Manuscript were focused on the contrasts OC-OCon and UC-UCon. The individual-level GLM was implemented using FILM (FMRIB's Improved Linear Model).
At the group level, analyses included both whole brain and region-of-interest (ROI) approaches. For the whole brain analysis, paternal and infant variables were entered as covariates into a mixed effects model that examined the contrasts OC-OCon and UC-UCon. Each covariate (10 paternal characteristics, 4 infant characteristics and 2 principal components for cry ratings) was evaluated in a separate model. The mean beta value of each covariate was compared with zero using a one-sample t-test. The resultant Z statistic (Gaussianized t) images were thresholded using clusters determined by Z>3.1 (voxel -wise 1-tailed p<0.001), and a family-wise error (FWE)-corrected cluster significance threshold of p<0.05 was applied to the suprathreshold clusters. For the ROI analysis, we defined functional ROIs from the group level contrasts OC-OCon and UC-UCon. This ROI approach allows us to focus our covariate analysis on brain areas that we know are responsive to cries in our data set. Each contrast was compared with zero at every brain voxel using a onesample t-test. The resultant Z statistics (Gaussianized t) images was thresholded using clusters determined by Z>3.1 (voxel -wise 1-tailed p<0.001), and a family-wise error (FWE)-corrected cluster significance threshold of p<0.05 was applied to the suprathreshold clusters. These statistical images were then further thresholded at either Z>5.0 (for UC-UCon) or Z>5.5 (OC-OCon) with a 20 voxel spatial extent threshold to better highlight only the strongest activations for each contrast, and ROIs were then defined at each cluster. ROIs were centered on the voxel with peak activation and extended across all contiguous activated voxels within 10 mm in X, Y and Z directions (Poldrack 2007) . The average contrast value across all ROI voxels was calculated for each subject and these values were tested for correlations with paternal and infant variables using the Pearson Product Moment Correlation (r). For each paternal and infant variable, ROI results were corrected for multiple comparisons across the number of ROIs tested.
Hormone assays
for 15 minutes, and assayed according to the vendor-provided protocol. The reportable range of this assay is: 6.1-600 pg/mL, with an assay sensitivity of 1.0 pg/mL.
Cry roughness measurements
In order to quantify the power of temporal modulations in the roughness range (30-150 Hz), the two-dimensional Fourier transform of the spectrogram was calculated to obtain the Modulation Power Spectrum (MPS) of each sound excerpt (Elliott and Theunissen 2009 ). Sound waveforms were transformed into a time-frequency representation (spectrogram) using a filter-bank approach. Waveforms were filtered using 128 different linear-phase finite impulse response filters (512th order). Filters were designed to estimate critical bands (Moore and Glasberg 1981) with center frequencies logarithmically spanning the frequency space and corresponding equivalent rectangular bandwidths (Moore and Glasberg 1981) . Each filter's output was then Hilbert transformed in order to extract the analytic amplitude and log-transformed. The output of this filter-bank processing is a spectrogram that provides a time-frequency representation estimating the output of the cochlea (Moore and Glasberg 1981) . Modulation power spectra were derived by applying a two-dimensional Fourier transform to the spectrogram and log-transforming the resulting spectral power density estimates. The MPS value in the roughness range was calculated for each tested sound by averaging MPS values across temporal modulations from 30 to 150 Hz, and across all spectral modulations.
Principal Components Analysis
For own infant cries, a principal component analysis of the 16 different subjective cry rat ings was done using Varimax rotations with Kaiser Normalization. The Kaiser-Meyer-Olkin measure of sampling adequacy was 0.71, above the commonly recommended value of 0.6, and Bartlett's test of sphericity was significant, (χ2 (120) = 438.02, p < .001).
For unknown infant cries, a separate principal component analysis of the 16 different subjective cry ratings was done using Varimax rotations with Kaiser Normalization. The Kaiser-Meyer-Olkin measure of sampling adequacy was 0.62, above the commonly recommended value of 0.6, and Bartlett's test of sphericity was significant, (χ2 (120) = 286.83, p < .001).
Results
Identification of own vs. unknown infant cries
In response to hearing their own infant cry, 36 of 39 fathers correctly answered "yes" to the question, "Is this your baby's cry?" (recognition rate = 92.3%). However, in response to hearing the unknown infant cry, 17 of 39 incorrectly answered "yes" (false positive rate = 44%) and 3 of 39 answered "I don't know" to the same question. 
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Subjective cry ratings for own and unknown infant cries
Fathers rated the unknown infant cry as more "grating", "urgent", "piercing" and "aversive" than their own infant cry. They also reported feeling more irritated and alarmed when listening to the unknown vs. their own infant cry (supplementary table 1). A separate sample of n=40 non-fathers also rated the unknown infant cry as more aversive than the fathers' own infants' cries (unknown mean=3.76, sd=0.11; own mean=3.31, sd=0.11; t(39)=4.18, p=0.0001). Thus, it appears that some characteristic of the unknown infant cry other than it's identity as own or unknown is driving the difference in subjective ratings.
Main effect of infant cry stimuli on paternal brain function
The contrast between fathers listening to their own infant's cry and the associated tone control (OC-OCon) yielded widespread activation, including most prominently the medial prefrontal cortex, bilateral anterior insula and inferior frontal gyrus, bilateral striatum, bilateral thalamus, bilateral auditory cortex, bilateral posterior cingulate, and bilateral midbrain including the VTA and SN (Table 1) . The contrast between listening to the unknown infant cry and its tone control (UC-UCon) yielded a very similar activation pattern (Table 1, figure 1A) . A direct statistical comparison between OC-OCon and UC-UCon yielded no significant activation. This was also true when the comparison was limited to the 19 fathers that correctly identified both their own and the unknown infant cry.
Relationship between paternal characteristics and paternal neural responses to infant cry stimuli
Descriptive statistics for paternal characteristics are provided in Table 2 .
In whole brain analyses, only paternal age was significantly correlated with the neural response to infant cries. For own infant cries, paternal age was negatively correlated with the response to crying in both the dorsal anterior cingulate cortex (ACC, 325 voxels, peak z stat=4.37 at MNI coordinate 2,18,30; figure 2A and 2B) and the right postcentral gyrus (185 voxels, peak z stat = 3.83 at MNI coordinate 36,−18,66). Thus, older fathers had an attenuated response in these areas. For unknown infant cries, paternal age was also negatively correlated with the neural response to crying i n the dorsal ACC (299 voxels 
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Relationship between infant characteristics and paternal neural responses to infant cry stimuli
Descriptive statistics for infant characteristics are provided in Table 3 . Infant T was negatively correlated with infant age (r=−0.46, p=0.004, n=37).
Own infant cries were matched to tone controls on RMS amplitude and fundamental frequency. However, own infant cries had significantly higher roughness than their respective tone controls (cry = 3.8 +/− 0.38, tone control = 1.0 +/− 0.41; t(76)=30.89, p<0.001). Roughness was positively correlated with multiple negative emotion ratings of the own infant cry stimuli. However, only urgent (r=0.47, p=0.002), piercing (r=0.55, p=0.001) and spoiled (r=0.52, p=0.001) survived correction for multiple comparisons (supplementary figure 1) .
In whole brain analyses, there was only one significant correlation between infant characteristics and the neural response to own infant cries. Total score on the Bates Infant Characteristics Questionnaire, a measure of infant difficultness, was positively correlated with the response to own infant crying in the right superior temporal sulcus (STS, 177 voxels, peak z stat=4.92 at MNI coordinate 64,−40,6).
In ROI analyses, there were no significant correlations between any infant characteristic and the neural response to own infant cries after correction for multiple comparisons across ROIs (supplementary table 4).
Relationship between paternal subjective ratings and neural responses to infant cry stimuli
Own Cry-A principal component analysis of the 16 different subjective cry ratings provided by fathers for their own infant revealed two components that explained a large amount of variance. PC1 explained 31% variance and loaded heavily on negative adjectives (e.g., annoyed, distressed, upset, angry, irritated and aversive). PC2 explained 16% variance and loaded heavily on positive adjectives (e.g., sympathetic, tender and compassionate).
In a whole brain analysis of the neural response to own infant cries, PC1 was positively correlated with activation in the right posterior MTG and right angular gyrus response to own infant cries (Table 4 ). There were no significant correlations for PC2.
ROI analyses revealed no significant correlations with either PC1 or PC2 after multiple comparison correction (supplementary table 5).
Unknown Cry-A principal component analysis of the 16 different subjective cry ratings provided by fathers for the unknown infant revealed two components that explained a large amount of variance. PC1 explained 27% variance and loaded heavily on negative adjectives (e.g., irritated, upset, annoyed, angry and distressed). PC2 explained 16% variance and, in contrast to PC2 for own cries that loaded on positive adjectives, loaded heavily on a different set of negative adjectives (e.g., spoiled, manipulative, alarmed and aversive).
In a whole brain analysis of the neural response to unknown infant cries, PC1 was negatively correlated with activation in the left caudate nucleus and thalamus (figure 3A, Table 4 ). On the other hand, PC2 showed widespread positive correlations, including prominently the dorsal ACC and hypothalamus (figure 3B, Table 4 ).
In ROI analyses, PC1 was negatively correlated with the left caudate nucleus response to unknown infant cries (r=−0.49, p=0.001). None of the other correlations survived multiple comparison correction. There were no significant correlations for PC2 (supplementary table  6 ).
Discussion
The pattern of brain activation we observed in first-time fathers in response to unknown newborn infant cries is very similar to that first reported by Lorberbaum and colleagues for first-time mothers in response to unknown newborn infant cries (Lorberbaum et al. 1999; Lorberbaum et al. 2002) . In their study, relative to a white noise control, listening unknown infant cries engaged five neural systems: 1) midbrain dopaminergic (approach motivation), 2) thalamocingulate (parental caregiving), 3) fronto-insular (emotional empathy), 4) DMPFC (perspective-taking and theory of mind), and 5) right lateralized auditory cortex extending to the temporal pole (auditory perception). Our own findings similarly suggest engagement of these five systems in first-time fathers of newborn infants, as we also observed prominent activation in the midbrain, thalamus, anterior and posterior cingulate, insula, DMPFC and auditory cortex. In contrast to Lorberbaum and colleagues, we also observed activation in the hypothalamus, a key node in the parental brain system of other species (Numan 2007; Wu et al. 2014 ). On the other hand, similar to Lorberbaum and colleagues, we did not observe activation in NAc. We did, however, observe activation throughout other components of the striatum, including the caudate nucleus and putamen. Overall, comparison of the results of the two studies reinforces the idea that maternal and paternal behavior draw on similar neural systems (Abraham and Feldman This Issue; Numan 2017; Rilling and Mascaro 2017) .
This pattern of activation contrasts with the more limited activation patterns we observed in two previous studies in which fathers of 1 or 2 year old children listened to unknown infant cry stimuli (Li et al. 2017; Mascaro et al. 2014 ) (figure 1). In our previous studies, activation for the same contrast (UC-UCon) yielded activation only in auditory cortex (both studies, figure 1B and 1C ) and the right insula/IFG (one study, figure 1C ). All three studies were acquired on a Siemens 3T MRI scanner, and like the current study, the study illustrated in figure 1B was also analyzed using the FSL software package (http://www.fmrib.ox.ac.uk/ fsl/) (study in figure 1C was analyzed using Brain Voyager using similar preprocessing parameters). In contrast to the current study that used an unknown cry from a 3 month old infant that we previously recorded ( figure 1A) , the studies shown in figures 1B and 1C used unknown infant cry stimuli from 3 and 5 month old infants that were purchased from an online audio database (www.audionetwork.com). However, there was no significant difference in the perceived aversiveness of the unknown infant cry stimulus between the current study (3.7 on 7 point scale) and our previous study (3.8 on 7 point scale; t(67)= −0.02, p=0.98) (in figure 1B) . Therefore, age of the father's infant is a possible explanation for the observed differences in activation across these three studies. Fathers with older infants may have had more exposure to infant crying and perhaps greater psychological and neural habituation to it as reflected in decreased brain activation. Additionally, fathers with newborn infants may be in a different hormonal state compared with fathers of toddlers and this may alter brain activation in response to crying. For example, a longitudinal study of testosterone levels in Filipino men showed the most pronounced decreases in testosterone in fathers with infants less than 1 month of age, with levels significantly increasing when infants reached 1 year of age (Gettler et al. 2011 ). Furthermore, plasma oxytocin (OT) levels have been shown to increase across the first 6 months of fatherhood (Abraham and Feldman This Issue; Gordon et al. 2010) . Thus, the combination of suppressed T and elevated OT may stimulate stronger engagement of these neural systems in fathers of newborn infants. The plausibility of this idea is supported by studies showing that both exogenous T and exogenous OT treatment modulate the neural response to infant cries among nulliparous women, with OT augmenting the anterior insula and inferior frontal gyrus response (Riem et al. 2011 ) and T augmenting activation within the thalamo-cingulate system (Bos et al. 2010 ).
On the other hand, a recent study in fathers found no effect of intranasal OT on paternal neural responses to infant cry stimuli, although these were fathers of 1-2 year old children rather than fathers of newborn infants as in the present study (Li et al. 2017 ). Although we consider cumulative paternal exposure to crying and paternal hormonal state to be likely explanations for differences between the current and our previous studies, the differences could also arise from other variables that were not held constant across studies such as the lack of own infant cry stimuli, as well as frog and bird stimuli, in our previous studies.
The neural response to own infant cries did not differ from that to the unknown infant cry. This may partially reflect the difficulty many fathers had in distinguishing between their own and the unknown infant cry. Similar to previous studies, fathers had a high recognition rate for their own infant cry, coupled with a high false positive rate for the unknown infant cry (Gustafsson et al. 2013b; Wiesenfeld et al. 1981) . As suggested previously, this bias to err on the side of more false positives and fewer false negatives rather than the converse may reflect an adaptive strategy that ensured ancestral human fathers would not fail to respond to their own infant in distress (Gustafsson et al. 2013b ). It might also reflect an adaptation on the part of infants to solicit aid from even unrelated adults. Even for fathers that correctly identified both the own and unknown infant cries, there was still no significant difference in the neural response to the two cry stimuli, demonstrating the ability of infants to engage parental brain function in even unrelated adults. On the other hand, a recent study of mothers showed stronger activation to their own vs. unknown infant cries within the right frontoinsular cortex (Hipwell et al. 2015) . The difference with our study of fathers could possibly be attributable to hormonal or neurobiological differences between mothers and fathers and/or to differences in the amount of exposure to the infant. Indeed, fathers who spend more than four hours per day with their infant are as accurate as mothers in identifying own infant cries (Gustafsson et al. 2013a ).
Own infant cries were higher in roughness than their respective tone controls, raising the possibility that roughness could partially explain the robust activations for the contrast between the two stimuli. Roughness contributes to the aversiveness of human screams and artificial alarm signals (Arnal et al. 2015) . Here we show that roughness also tracks the 
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Author Manuscript aversive quality of infant cries, as in our sample it was positively correlated with ratings of urgent, piercing and spoiled. Nevertheless, it was not significantly correlated with the neural response to own infant cries. Thus, although our imaging data may have been sensitive to large differences in roughness between infant cry and control stimuli, they were not sensitive to subtler variation in roughness among the different own infant cries.
The unknown infant cry was rated more negatively than were the own infant cries as a group. In a follow-up study, non-fathers also judged the unknown cry to be more aversive than the own cries from the fathers. Thus, the differences appear to be explained by the particular characteristics of the unknown infant cry used in this experiment rather than the perceived identity of the cry as own or unknown by fathers. The more negative evaluation of the unknown infant cry had no detectable influence on brain activity at the statistical thresholds we adopted. However, when more liberal thresholds were adopted (p<0.05 cluster-corrected), stronger activation to unknown cries was observed in the anterior cingulate cortex, right anterior insula and right inferior frontal gyrus, regions that also tracked negative emotional reactions to the unknown infant cries (PC2, figure 3B ). These findings should be regarded with caution give that this threshold does not appear to adequately protect against false positive activations (Eklund et al. 2016; Woo et al. 2014) .
Paternal age was negatively correlated with the dorsal ACC response to both own and unknown infant crying. Thus, older fathers showed less activation compared with younger fathers. Dorsal ACC activation has been linked with both physical and psychological pain and the dorsal ACC has been proposed to function as a neural alarm signal (Eisenberger and Lieberman 2004; Panksepp 2003) . This raises the possibility that older fathers find baby cries less aversive or alarming. To investigate this possibility, we first tested for correlations between paternal age and each of our 16 subjective rating measures. For own cry ratings, after correcting for multiple comparisons across ratings, only aversiveness was significantly correlated with age (r=−0.51, p=0.001; figure 2C ). Aversiveness was also negatively correlated with age for unknown cries, though this did not survive the multiple comparison correction (r=−0.40, p=0.013 uncorrected). This suggested that the dorsal ACC response may be tracking the perceived aversiveness of infant cries. Indeed the dorsal ACC response to crying was positively correlated with aversiveness ratings for own infant cries (r=0.40, p=0.01), although this correlation did not reach significance for unknown infant cries (r=0.25, p=0.12)( figure 2D ).
In addition to the dorsal ACC, age was also negatively correlated with the anterior insula response to unknown infant crying. Both the ACC and the insula are strongly implicated in emotional empathy (Lockwood, 2016; Singer and Lamm, 2009 ), so greater activation in these areas might be associated with more parental empathy. Indeed, one study found that more empathic mothers more strongly activate the anterior insula when viewing pictures of their children (Lenzi et al. 2009 ). However, there is also evidence to suggest that empathic overarousal can lead to distress that interferes with compassionate behavior (Batson and Powell 2003; Eisenberg 2000; Mascaro 2011) , which could potentially interfere with sensitive caregiving. For example, in high-risk mothers, stronger anterior insula responses to own-infant cries were related to more intrusive parenting (Musser et al. 2012) . In another study, fathers activated the anterior insula to infant cries, but it was fathers with moderate anterior insula activation that were most involved in instrumental caregiving (Mascaro et al. 2014 ). Fathers with low and high insula activation may have been less involved due to empathic under and over-arousal to cries, respectively. Thus, the relationship between insula activation to crying and sensitive caregiving may be non-linear. For our current study, we suggest that lower dorsal ACC and anterior insula activation in older first-time fathers renders them better able to avoid the distress associated with empathic over-arousal in response to infant crying. This finding is consistent with other evidence that older adults report better regulation and greater control over their emotions (Blanchard-Fields et al. 2004 ).
Fathers' subjective ratings of the standardized unknown infant cry were correlated with their neural response to that cry. PC1, which loaded heavily on negative emotions such as irritated, upset, annoyed, angry and distressed, was negatively correlated with activation in the left caudate nucleus and thalamus ( figure 3A ). The thalamocingulate system is known to be involved in parental behavior in other mammals (MacLean 1990) , and the thalamus was activated in response to infant cries in both this study of fathers as well as Lorberbaum et al's study of mothers (Lorberbaum et al. 2002) . The caudate nucleus may also have a role in parental motivation given that it receives midbrain DA projections that are involved in reward and motivation (Ikemoto et al. 2015) . Furthermore, two separate studies have now reported that intranasal oxytocin, a hormone known to be important for parental motivation (Abraham and Feldman This Issue), augments caudate nucleus activation in human fathers viewing pictures of their children (Li et al. 2017; Wittfoth-Schardt et al. 2012) . Thus, our data suggest that negative emotional reactions to infant crying may inhibit activation of brain regions like the caudate nucleus and thalamus that are expected to facilitate positive paternal behaviors. Alternatively, activation of these areas may inhibit negative emotional reactions to crying.
In contrast to the negative correlations found for PC1, PC2, which loaded heavily on "spoiled", "manipulative", "alarmed" and "aversive", showed positive correlations with the neural response to unknown infant crying ( figure 3B ). These correlations were widespread, with a particular focus on the dorsal ACC and hypothalamus. Subsequent analysis of the individual component ratings showed that correlations were strongest for "spoiled" and "manipulative". Thus, fathers who judged the cry as more spoiled or manipulative showed stronger activation in these areas. Given the well-established role of the medial preoptic area (MPOA) in promoting parental behavior, these results might initially seem counterintuitive. However, the hypothalamus is composed of multiple nuclei with a variety of different functions and some of these nuclei seem to promote offspring avoidance or even infanticide (Kohl et al. 2017; Numan 2017) . As mentioned above, the dorsal ACC is implicated in empathy (Lockwood, 2016; Singer and Lamm, 2009 ), but also in negative affect (Shackman et al. 2011) , so it may be that fathers who can feel the infant's emotions to a greater degree when listening to the cry find the cries more aversive, alarming and manipulative.
Some of the observed correlations were specific to unknown rather than own infant cries. Each father listened to a different own infant cry, whereas each father listened to the same unknown infant cry. Therefore, when looking for effects of paternal characteristics or paternal subjective ratings on the neural response to crying, variability in the own infant cries may introduce noise that makes it more difficult to detect significant relationships. Of course, when looking for effects of the infant cry characteristics themselves, it only makes sense to examine the response to own infant cries. For these infant variables, the only significant finding was a positive correlation between total score on the Bates Infant Characteristics Questionnaire and the response to own infant crying in the right superior temporal sulcus (STS). Fathers who report having more difficult babies (fussy, unadaptable, dull, and unpredictable) have stronger activation in this region in response to their baby's cry. Although STS is well-known for its role in processing biological motion (Allison et al. 2000) , it also contains voice-selective regions (Belin et al. 2000) . Our data suggest that behavioral characteristics of the infant can modulate activation in this region as fathers listen to their infant crying.
Many of the paternal and infant variables that we hypothesized would show effects on brain activation did not. These include paternal depression, sleep quality, neuroticism, recent stressful life events, childhood history of parental abuse, and testosterone levels, as well as infant sex, fussiness, testosterone levels and the roughness of infant cries. One possible explanation is that we did not have sufficient variability in these measures to detect correlations. For example, BDI scores ranged from 0-18, a range that does not include severe or even moderate depression (Beck et al. 1961) . Another possibility is that the neural response fathers have to listening to infant cries while lying in the MRI scanner differs from that when they are actually in the presence of their crying infant. In the latter situation, they may have additional visual cues from the infant, it could be during the middle of the night, and they may be in a situation where they can or are expected to respond to the crying. That is, our paradigm may lack the ecological validity needed to detect many of the hypothesized associations between paternal and infant characteristics and the neural response to infant crying. Finally, recent simulations suggest the need to threshold neuroimaging data quite conservatively to adequately control the rate of any false positive activations (Eklund et al. 2016) . However, adoption of these more rigorous thresholds also increases the false negative rate. That is, the conservative statistical thresholding we adopt here may have prevented us from detecting some true positive relationships. On the other hand, our false positive rate may have been increased by testing separate regression models for each of the many paternal and infant covariates.
In conclusion, we show that younger first-time fathers have a stronger neural response to newborn infant cries within brain areas that track negative emotional reactions to those cries. These findings coupled with evidence that younger fathers are at greater risk to abuse their infants and that crying is a common trigger for abuse, suggest that interventions aimed at improving emotional reactions to infant crying and decreasing infant abuse should target young, first-time fathers. Correlations between paternal age, subjective ratings and neural response to own infant cry. A) Image showing regions with significant negative correlations between paternal age and activation for OC-OCon; image is thresholded with clusters determined by Z>3.1 (voxelwise 1-tailed p<0.001), and a family-wise error (FWE)-corrected cluster significance threshold of p<0.05 was applied to the suprathreshold clusters, B) scatterplot of paternal age vs. dACC activation for the contrast OC-OCon, C) scatterplot of paternal age vs. own infant cry aversiveness, D) scatterplot of dorsal ACC activation for OC-OCon vs. own cry aversiveness. Correlations between principal components of subjective ratings and neural responses to the unknown infant cry. A) regions in which UC-UCon is negatively correlated with PC1, B) regions in which UC-Con is positively correlated with PC2. Images are thresholded with clusters determined by Z>3.1 (voxel-wise 1-tailed p<0.001), and a family-wise error (FWE)corrected cluster significance threshold of p<0.05 was applied to the suprathreshold clusters. Activations to own and unknown infant cries Voxels are 2mm isotropic. Table 2 Characteristics of Fathers Table 3 Characteristics of Infants Table 4 Correlations between brain activation and principal components of infant cry ratings Voxels are 2mm isotropic. 
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